A new Higgs scalar from an extended Higgs family could easily lead to a discovery of New physics at the LHC. In the quest for new Higgs search, gluon-gluon fusion via t loop has been considered as the most dominant production mechanism in the literature. Such a notion could be changed in presence of extra scalars, in particular in case of an extended two Higgs doublet model, like Next-to-Minimal Supersymmetric Standard Model in case of Supersymmetric theories. Here we will see that gluon-gluon fusion would be subdued when heavier Higgs boson does not dominantly couple to up-type quarks. However, being driven by gauge interactions which depend upon the non-negligible doublet component of Higgs, vector-boson fusion can become the leading mechanism for new scalar productions for masses even much less than TeV scale. Using the existing 13 TeV analyses data with 36.1 f b −1 luminosity, discovery possibility of this scenario in the context of present and future run of LHC has been discussed.
Introduction
The Higgs boson of Standard Model (SM) which is considered as one of the main motivations of the Large Hadron Collider (LHC) has already been discovered a few years ago [1, 2] with mass m H 125 GeV. Accommodating the observed Higgs state has put significant constraints on the allowed parameter space of existing models of beyond Standard Model (BSM) physics. In the context of the simplest Supersymmetric model (SUSY) -Minimal Supersymmetric Standard Model (MSSM) [3, 4] , large stop masses and/or mixing have been required to generate a Higgs mass of 125 GeV (for a review see [5] ) which may lead to dangerous charge and color breaking minima [6] and would produce a large fine-tuning on the allowed parameter space [7] . MSSM has been realized as the two-Higgs-Doublet-Model of type II which leads to an enlarged Higgs sector with additional CP-even, CP-odd and charged Higgs bosons [5, 8] .
• The most attractive gluon-gluon fusion process would be extremely suppressed for the Higgs having small ttH and bbH couplings. While the smallness of the ttH coupling is related to insignificant H u component presents in H, the smallness of bbH coupling can be attributed to small tan β values [10] . In addition, the associated Higgs production with b quark would also be insignificant.
• On the contrary, vector-boson fusion processes W + W − , ZZ → H are flavor blind thus can be unsuppressed if the doublet component presents in the Higgs state is non-negligible. Indeed, this can be true in a large part of NMSSM parameter space with small tan β where VBF can be observed as the main production mechanism even for probing smaller Higgs boson masses.
• The pronounce dominance is largely related to extreme suppression of ggF which is, as discussed, related to almost insignificant H u component presents in one of the heavier Higgs state. Clearly, this is hardly possible in MSSM where bilinear mixing renders the 2 CP-even Higgs state as the admixtures of H d and H u . Also satisfying Higgs mass at small tan β would need large SUSY scale in MSSM [43] .
• Interesting changes can be observed even for decays of such Higgs as H → τ τ and H → tt (when kinematically allowed) would now be extremely suppressed. Note that the Brs into τ τ can be primarily small if the heavier Higgs is dominantly singlet-like. Final states with 2 gauge bosons and/or Higgs→ Higgs decays (when kinematically allowed) would become important to search such a Higgs at the LHC.
• For moderate or relatively larger values of tan β, we would have a similar situation like in MSSM. Radiative corrections would give strong enhancement of the Higgs couplings to b quarks which in turn, would push both ggF (through b quark loop which depends on H d component) and associated Higgs production with b quark. This part of the parameter space would not be considered here.
• Finally, we want to emphasize that this conclusion is quite robust and one can easily find VBF dominance in BSM Higgs productions at small tan β in any extended version of SM with more than two Higgs doublets.
The paper is organised as follows. In Sec.2 we will primarily discuss NMSSM and its Higgs sectors. In Sec.3 we will show parameter space where VBF can be comparable or even dominate over gluon-gluon fusion process. Finally we conclude in Sec.4.
Higgs sector in the Next to minimal Supersymmetric Standard Model
In the scale invariant NMSSM, superpotential W consists of additional terms: the Yukawa coupling of S to the MSSM-like Higgs doublet fields H u , H d , and a trilinear term ∼ S 3 [10] .
Clearly, the vacuum expectation value (vev) s of the real scalar component of S generates an effective µ-term µ eff = λs ,
which in turn solves the µ-problem of the MSSM.
In the soft-SUSY breaking sector there are trilinear interactions as well as mass terms involving the singlet field.
where
The Higgs sector of the NMSSM can be characterized by six parameters at tree level,
In the neutral CP-even Higgs sector, one of the lighter Higgs state H 1 /H 2 can resemble with SM-like Higgs boson whose mass can be expressed as
where δ mix [12] represents singlet-doublet mixing. Clearly, for small tan β ≤ 2, there is an enhancement even at the tree level while for larger tan β values, δ mix plays the crucial role to obtain SM-like Higgs boson mass ∼ 125 GeV. In the present study, lightest NMSSM 
As discussed already, H 2 coupling to t quark is suppressed because of smallness of up-type Higgs component S 2,2 while the same for down-type quarks and charged leptons are suppressed because of large singlet component which we will see. For moderate and large values of tan β, a large enhancement particularly in the bottom Yukawa coupling would influence the H 2 b L b c R coupling strongly which in turn enhances ggF and associated production of Higgs with b quark. In the context of H 2 couplings to gauge bosons, one finds that somewhat unsuppressed H 2 W W or H 2 ZZ can produce large Brs into gauge boson final states, if S 2,1 , down-type Higgs component takes non-negligible values. This at one hand explains why VBF can be unsuppressed in production of H 2 and on the other hand would tell us that the same gauge boson final states would be of interest to search for them at the LHC.
Choice of parameters and Results
We use the code NMSSMTools [46] to compute masses and the couplings for sparticles and Higgses and also branching ratios of the Higgs states. In the present context we focus on the small tan β region, tan β = 2. This choice effectively minimizes b-quark loop contributions towards Higgs production via gluon-gluon fusion processes. For different parameters and soft SUSY breaking terms we made the following choices:
• Squark masses are of 2.5 TeV as it do not have any role in the present analysis.
• Trilinear soft SUSY breaking terms A t = A b = A τ = −1.6 TeV.
• Masses for all gauginos are set at 2 TeV. Thus lightest neutralino would not act as lightest SUSY particle (LSP), thereby the dark matter candidate of the Universe. Otherwise there would be a stringent constraint appears from Direct-detection experiments like LUX [47] which is particularly severe for a lighter Higgs spectra and for a singlino-Higgsino or Higgsino like LSPs. 1 Assuming gravitino as the LSP would relax this tension completely. Note that thermally produced gravitinos might form the observed dark matter [50] without contriving the particle dark matter search.
• We impose a requirement that Landau pole singularities of the running Yukawa couplings would not occur below 10 TeV [10] , which otherwise may lead to conflict with precision electroweak tests of the SM. This typically yields a requirement of having λ ≤ 2. The NMSSM with such a large λ (precisely 0.7 < λ < 2) commonly called λ−SUSY model [51, 52, 53, 54] . λ−SUSY model can easily accommodate a 125 GeV Higgs, with even much smaller contribution is required from top-stop loop compared to NMSSM. Additionally, the sensitivity of the weak scale to the stop mass scale would be much reduced [51, 52, 53] . Additionally we also check the absence of unphysical global minima of the Higgs potential.
• We use the following limit for SUSY Higgs mass m H 1 which is the lightest Higgs particle of the NMSSM spectrum with standard model like couplings.
GeV
A 3 GeV theoretical uncertainty around m H 1 125 GeV has been considered due to uncertainties in the computation of loop corrections up to three loops, top quark mass, renormalization scheme and scale dependence etc. [55] .
• On the flavor physics side, the constraints from B-physics namely B → X s + γ, B s → µ + µ − have been implemented, as done in NMSSMTools.
• Finally we use 173.1 GeV for the top quark pole mass.
With these choice of parameters we scan different parts of NMSSM parameter space and delineate the valid zone that satisfy the aforesaid experimental constraints. In the first place we show our results in the λ − κ plane (see Fig.1a ) for input parameters tanβ = 2, A κ = 700 GeV, A λ = 250 GeV and µ ef f = 600 GeV. The colored region represents the parameter space consistent with 122.1 < m H 1 < 128.1 GeV. Here we will be mainly interested in the production of H 2 which is the 2nd lightest Higgs scalar in the theory. As discussed, up-type Higgs component in H 2 qualitatively determines the parameter space where ggF would become insignificant in Higgs productions.
Since smaller values of S 2,2 would be desired, we delineate the parts of the parameter space where S 2,2 < 0.01 in Fig.1a . In this part H 2 would principally be dominated by S and partially H d , thus ggF would become negligible in H 2 production. In contrast, VBF driven via gauge interactions can contribute towards the production process. For quantitative demonstration, blue region has been shown where H 2 production cross-section via VBF can be more than 100 times larger than the corresponding ggF contributions. To understand the parametric dependence, we perform the same analysis, but in the κ − A κ plane (see Fig.1b) . Here, input parameters are set at tan β = 2, µ ef f = 600 GeV, A λ = 250 GeV and λ = 0.667. Only notable difference is that here almost all the points that satisfy the Higgs mass limits are consistent with S 2,2 < 0.01. Finally, Fig.2 quantitatively estimates VBF dominance over ggF for the same set of scanning parameters. As can be seen σ(H V BF 2 ) could be three orders of magnitude larger compared to ggF production cross-section in some parts of the parameter space. The principle reason for such an overwhelming enhancement is due to fall of ggF's contribution to the production of H 2 which can be attributed to the smallness of S 2,2 . Additionally, VBF's contribution may not be large enough because of the singlet component presents in H 2 which makes parts of these region beyond the reach of present run or even high luminosity run of the LHC. λ=0.667 , µ=600 GeV, A λ =250 GeV tanβ=2 0<κ<1 , −1000<Α κ <1000 GeV Figure 2 : The dominance of vector boson fusion over gluon-gluon fusion for the production of H 2 boson has been shown for the same set of parameters as taken in Fig.1(b) . An overwhelming enhancement in
could be observed in some parts of the parameter space. This is mostly due to fall of ggF's contribution in H 2 production.
In order to demonstrate the observable effects where VBF's contribution towards H 2 production can be promising which can potentially be seen at the high luminosity run or at the upgraded LHC, we present a few benchmark points (BMPs) in Table: 1. All the prsented points are consistent with HiggsBounds-4.3.1 [56] . tan β = 2 has been set for all these points. In addition for each BMP we show masses for Higgs scalars, its components (for the SM-like and the lighter BSM Higgs), reduced couplings (scaled by respective SM coupling with same mass) of H 2 with electro-weak gauge bosons (C Table 1 : Input parameters for three benchmark points along with masses for SM-like and lighter BSM Higgs scalars are shown. Different components of H 2 along with reduced couplings for Higgs production via ggF , V BF and associated production with b quarks have been presented. In addition, we also show the relevant branching ratios.
After being produced, H 2 dominated by singlet component can hardly decay into τ leptons which is otherwise very prominent channel for MSSM heavy Higgs searches [44] . Here, we see that Table: 3, different upper bounds for ggF and VBF modes have been shown assuming W W decaying leptonically to eνµν where the stronger upper bounds correspond to ggF productions. Similarly, for ZZ final states 4l and 2l2ν channels are combined. In the last column the necessary improvements for the future runs of LHC to probe our predicted σ × Br N M SSM have been calculated. One can immediately infer that VBF becomes the most dominant channel for H 2 production while ZZ final state has been appeared as the best channel for its discovery at the future runs of the LHC. In fact the relatively light Higgses with m H 2 = 250, 500 GeV can be probed via ZZ final state with roughly an order of magnitude enhancement in the experimental sensitivity while somewhat less enhancement would be necessary to probe m H 2 = 700 GeV. Additionally, for m H 2 = 700 GeV, one can also observe that ggF becomes comparable with VBF though the latter still dominates. This is because, for this parameter point C 2 H 2 gg is somewhat larger compared to the previous BMPs which can again be attributed to somewhat larger S 2,2 . Thus BMP-C serves as a good example where ggF competes the production process with VBF and also roughly similar amount of enhancement in sensitivity would be required for both processes to discover the Higgs boson at the future runs. In practice ggF and VBF can get mixed as a forward jet from VBF can be missed, and ggF can produce forward jets as well. So, one may need to combine both ggF and VBF for Higgs productions to study its decay modes at the LHC.
Aforesaid discussion elucidate a novel and interesting possibility for a BSM Higgs searches [60, 61] . We always observe stronger upper bound for ggF mode.
which is primarily singlet dominated with non-negligible H d components. It is the lightest of the two BSM Higgs scalars in the present context. The heavier one is mostly doublet dominated (approximately MSSM-like) whose properties can be seen from the Table: 4. The production crosssection is completely dominated by ggH through t quark loop. For the lightest H 3 i.e., BMP-A, σ ggH 3 N M SSM is approximately 1pb. Afterwards, it also dominantly decays to tt final states and nonnegligibly to H 1 H 2 or A 1 Z when kinematically allowed. Alike for the H 3 scalar, Higgs → Higgs decays could be an important search channel even for the lighter BSM Higgs scalar H 2 which can also decay into two lighter SM-like Higgs bosons H 1 H 1 when allowed kinematically (see Table: 1). These can in turn lead to different possibilities in final states with additional jets in the case of VBF production. For both decay cascades H 1 + H 2 and H 1 + H 1 , stringent constraints appear from resonant SM Higgs pair productions decaying into bbbb, bbτ τ , bbγγ and bblνlν which have been searched at the LHC by ATLAS [65] and by CMS [66] . The effective production cross-section for P P → H 2 (H 3 ) → H 1 + H 1 (H 1 + H 2 ) is well below the present bounds when one considers the most stringent current exclusion limits (see e.g., the summary plot in ref: [67] ) which assumes √ s = 13 TeV and L = 35.9 f b −1 . However, a dedicated study in this front would be interesting in the context of future runs of LHC which is beyond the scope of this work.
Conclusion
In this work, we have shown that Higgs production via gluon-gluon fusion process could be partially or even completely insignificant in extensions of two Higgs doublet model. ) where H 2 is principally dominated by S with somewhat non-negligible H d component, (ii) prominence of VBF processes in testing heavy Higgs state through ZZ final states can be easily tested at the future runs of LHC. Higgs → Higgs decays would be another interesting avenue which may potentially test both BSM Higgs scalars in future.
